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9N ABSTRACT L
N N

Electron paramagnetic resonance saturation experiments have been carried
out on undeped polyacetylene and in the doped po]ymer‘as a function of dopant
concentration. The relaxation times of undoped tran515CH)x show conswdfr?Q}e
variability from sample to sample, Ty=(2. 7 *l 7) x 10~ -5 sec and To=(7.8 91.0) x
16:8 sec suggest1ng sens1t1v1ty to trace 1mpur1t1es. Exposure to air reduces
Ty to 8.1 x kg,5 sec and T2 to 6.6 x ("8 sec; this effect is reversible. Using
radio-assay techniques with 125f,93t was possible to prepare and characterize
samples of known dopant concentration at the level of parts per million (ppm).
There are three distinct regimes which characterize the effect of icdine con-
centration on the EPR characteristics of trans- (CHIZ)EL\ From 3 x 10-€¢y<16-3,
Ty decreases with increasing y, while Ty is unaffected!\ “ne neutral soliton
concentration [S+] remains constant in this region. Uilute coping results in

conversion of S¢ to a spinless positive soliton S* and/or diract oxidation of

(CH)x to create S*S* pairs. In the intermediate concentration regime,
10‘3<1ﬁ10'2, both Ty and Ty decrease with y, and [S+] decrease as y'3-7
suggesting that the dopant is predominantly in the material as I3~ with the
remainder as Ig=. When y exceeds 10‘3, there are one or more dopant molecules
per (CH), chain and the number of neutral solitons is significantly reduced. In
the heavily doped samples, the EPR has a Dysonian lineshape until it vanishes
for y>2 x 10-2. The observation of changes in relaxation timés even at the
dopant level of ppm imples that the dopant ions are randomly distributed
throughout the polymer and that the solitons are highly mobile. On the other
hand, for cis-(CH)y, doping with iodine from y=3.3 x 10-5 to 3.9 x 10-4 does not

significantly affect Ty or Tp; for pristine cis-(CH)y, Ty=(5.4 £0.9) x 10-5 sec

v




and T»=(1.0 %0.07) x 10-8 sec. Therefore, the solitons in giE;(CH)E have low
diffusivity. Very slowly doped EEEEE‘[CH(ASFS)xJ£ also displays three charac-
teristic regions. In the dilute regime, Ty, T2, [S+], and the Apr dependence
on Hy are not significantly different from pristine EEEEE'(CH)L' Above y>6 x
10-3, [S-] first decreases with Y, then the EPR intensity increases rapidly as
the Pauli susceptibility makes its contribution. In the transitional regime, 6
x 10-3¢y<5 x 10-2, the resonance could not be saturated with the power available
implying anomalously short relaxation times (Ty), whereas saturation was again

possible in the heavily doped metallic limit.
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INTRODUCTION

Poly(trans-acetylene), trans-(CH),, has generated considerable interest
among condensed matter physicists because it undergoes a commensurate Peierls
distortion (index of 2), to a bond-alternated semiconducting state3. Upon
injection of an electron-hole pair, or upon doping to form either electron pairs ;
or hole pairs, the lattice is unstable to the formation of charged solitons#,5.
Results of the magnetic®s7, electric8.9, spectroscopicl0-12, and doping
propertiesl3 of trans-(CH), support the soliton hypothesis?s5:13. Electron
paramagnetic resonance (EPR) studies!4-16 of neutral defects in undoped polymer
are also consistent with the concept of solitons4,5,13. Moreover, the decrease
in Curie-law spin content upon doping is understood in the context of soliton
doping, since charged solitons have spin zero.

Recently, the crystal structures of both Eﬁgﬂif(CH)x]7 and Eig—(CH)E}S have
been determined with electron diffraction. The E-axis is found to be the mole-
cular chain axis and lies parallel to the fiber axis. There is more overlap of
n-orbitals between the chains in the unit cell of the trans polymer than between
those in the cis material, suggesting possible smaller interchain resistance to
charge carrier transport. The results on trans-(CH), has been confirmed by a
recent x-ray diffraction study on oriented specimensl9.

There has not been a systematic investigation of EPR saturation charac-
teristics on these polymers. This has now been performed for pristine and doped ﬂ

cis and trans polyacetylenes with special emphasis in the low doping levels; the




results are reported here.
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The results of these investigations shed 1ight on

questions concerning the homogeneity of dopant, the mobility of the solitons and

the mechanism of doping.
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EXPERIMENTAL SECTION

A. Preparation of polyacetylenes.

Acetylene was polymerized using the Ti(0-n-CgqHg)4-AlEt3 catalyst as pre-
viously described20-23, The nascent morphology of (CH)y is comprised of fibrils
ca. 200 A in diameter as shown by the early studies of Ito et al.2l and more
recently for thin films polymerized directly on an electron microscope grid24.
Films of cis-(CH)y were also prepared according to standard techniquesZ20-23 and
stored in vacuo at -78°C until use. Typical analysis of the material is: C,
91.26%; H, 7.92%; total, 99.18%; calculated for (CH)L: C, 92.26%; H, 7.74%.

The Ei§~(CH)£ samples used in this study had a cis-content in the range 85-88%
as determined by its absorption intensities20, For trans-(CH)y, the samples
were immediately isomerized by heating at 200°C for 2 hours in vacuo. The
polymers were never exposed to air; the dry box used for their transfer contains
<2 ppm 0p. Perdeuterated polyacetylene was obtained with C0y prepared from

CaCy reaction with 99.8% D0.

8. Ooping.

LV e

Iodine doping was carried out in an apparatus where a film of (CH)E was
mounted on a probe with four electrical leads. Several additional films were
also contained in the vessel. The vessel was connected via a teflon stopcock to
an iodine reservoir maintained at a partial pressure of 3 x 10-3 torr. The entire

assembly can be connected to a standard vacuum line. The polymer was doped to




Figure 1

desired conductivity by monitoring the resistance of the film mounted on the
four-probe. The other specimens were used in various physical and chemical
investigations. The amount of iodine in heavily doped polymer was determined by
weight gain. Overlapping with the former, but extending far into lower doping
levels, we used 72512 and determined its concentration in the polymer by
radio-assay. The counting efficiency was found to be 55.3%.

Even at these very dilute levels, the conductivity was sensitive to the
dopant concentration, (y); the carrier concentration increases slowly but
steadily with doping. The increase in conductivity with y for iodine at the ppm
level (obtained with the four-probe technique) is shown in Figure 1.

A very slow doping procedure was developed for AsFg, as described in detail
elsewhere2d, and was used in this study. In certain cases, it was of interest
to dope polyacetylene to very low levels directly in an EPR tube (referred to
as in situ doping). Extremely small quantities of gas were metered as follows.
With the AsFg bulb cold finger cooled to -95°C and the stopcock between the bulb
and manifold closed, the stopcock of the bulb was opened briefly, allowing
AsFg (ca. 30 torr at -95°C) to fill this small volume. The bulb was then
closed, the gas was expanded into the manifold and the stopcock isolating the
bulb and the manifold was closed. The AsFg in the manifold was pumped away and
the very small portion of AsFg remaining between the bulb and manifold was then
allowed to contact the film in the EPR tube. The tube was then disconnected
from the vacuum line and a spectrum was recorded. A few such consecutive

dopings were sometimes required to yield the desired results,
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3. EPR measurements.

A Varian E-9 X-band spectrineter was used in the EPR studies. Most
measurements are expressed in terms of the input power from the kystron. To
obtain spin-lattice relaxation times, the actual microwave power in the
TEyg2 cavity, Hy, was needed. This was obtained by the method of a perturbing
sphere2d, A metal sphere was placed in the EPR cavity and the shift in
frequency Av was measured as a function of klystron power W (watts). The Hy in

gauss was then calculated from

1
. 02 - .2 20
| ] = v2 [”Hﬁ (—zr\,;—;] M

where W is klystron power in watts, v,=9.545 GHz and v=9.55 4 x 109 GHz are the
initial and perturbed frequencies, and a is the radius of the sphere = 1.59 mm,

We found the relationship
M| 2 = 0.49 W (2)

Saturation curves were obtained by recording EPR spectra as a function of
microwave power at 2-5 mW increments up to 200 mW whiéh is the maximum power
available from the klystron. From the plot of signal amplitude versus W, Hlm_is
found for maximum signal amplitude. Together with Apr below saturation, the

spin-lattice and spin-spin relaxation time (Ty and T, respectively) were




Figure 2

calculated?’

N

1.97 x 107 aHpp [g (H1,m)2]-1 sec (3)

and

To = 1.313 x 10-7 (g Apr]‘1 sec (4)

Since relatively high microwave powers were employed, the possibility of
sample heating and associated distortion of the saturation curves was
investigated. The temperatures of a series of samples of Eiif[CH(ASFS)y]x were
measured directly with a thermocouple attached to the sample with Electrodag,
while simultaneously carrying out saturation measurements. Since the conducting
Electrodag could be expected to heat at high microwave power, the measured tem-
perature should provide a reliable upper limit of the sample temperature in the
absence of the thermocouple. As indicated in Figure 2, the sample temperature
increased linearly with power and the slope increased with y. In all samples
with y>1.8 x 10'2, the sample tube was noticeably warm to the touch after
completion of the saturation experiment. Similar effects were observed for
Eig-(CHIy)x doped to fairly high levels (y>0.02); the sample tubes were also
noticeably warm upon completion of the saturation measurements though the actual
sample temperatures were not monitored. Furthermore, doped Eﬁiﬁi‘(CH)x samples
also display microwave heating. The heating was an off-resonance phenomenon;
maintaining the magnetic field several hundred gauss off resonance yielded the

same temperature as obtained when scanning through resonance. The attached




thermocouple did not affect Apr, the A/B ratio of Dysonian lines, or the
saturation behavior, as similar samples without a thermocouple yielded similar
results. Thus, although sample heating was detected, such effects are not
important at dilute doping levels (i.e. below y=0.02). The experimental
results, presented in the next section, were obtained using samples with no

thermocouple.




Figure 3
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RESULTS

A. Undoped trans-{CH), and gig-(CH)i.

o~

The EPR saturation curve for undoped trans-(CH), approaches the case of

homogeneous broadening (Figure 3). The signal, Yy, is of the form

Ym = 2/(} + 22) (5)

—

where EfyH](T]TZ)L?. Measurements were made on samples from many preparations.
At ambient temperatures, the values of Ty range from 1.9 to 6.6 x 10-5 sec with
an average value of (2.7 #1.7) x 10-5 sec. The values of T2 range from 6 to
8.8 x 10-8 sec with an average value of (7.8 *1.0) x 10-8 sec. Therefore, the
variability in Ty is much greater than it is for Tp in Eﬁiﬂi’(CH)i' At 77°K,
T1 was increased to 6.8 x 10-5 sec while T, was reduced to 2.2 x 10-8 sec.

The effect of oxygen is also shown in Figure 3. In this experiment,
undoped trans-(CH), was exposed to air for 30 min at ambient temperature. The
EPR of the neutral soliton becomes inhomogeneously broadened with values of

T1=8.1 x 10-6 sec and Tp=6.6 x 10-8 sec. Evacuation of the sample overnight at

10-6 torr restored the EPR saturation characteristics to that of the original
material., Therefore, under these conditions, the effect of oxygen is
reversible. Qualitatively simitar effects on the linewidth (T2) were reported
earlier by Goldberg et al.l4

Saturation measurements were carried out, in addition, on many EiET(CH)g

preparations. A few typical curves are shown in Figure 4. The values of Ty for
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Figure 6
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seven samples are 49, 39, 63, 47, 63 and 58 psec giving an average value of

(5.3 %0.9) x 10-5 sec. The values for Ty are 16, 10, 10, 9, 9.4, 11 and 11 nsec

for an average of (1.0 *0.07) x 10-8 sec. Figure 4 also shows the saturation

curve for undoped (CD)y giving Ty=4 x 10-6 sec and T2=1.2 x 10-8 sec.

B. lodine doped trans-(CH)y.

e

Several saturation curves of iodine doped trans-(CHIy)x obtained at ambient

temperature are shown in Figure 5 to indicate the trend. Doping in the range of

y from 3 x 106 to 3 x 10-3 utilized 12515; ordinary iodine was used for y>7 x 10-4,

Therefore, the two methods of determining dopant concentration overlap between

y=7 x 10-4 and 3 x 10-3; the results in these regions are in good aareement.

The EPR of trans-(CHIy)x generally retains the Lorentzian line shape with some

broadening in the wings. The linewidth does not change with microwave power.

In contrast, the EPR linewidth of undoped trans-(CH), increases rapidly with

increasing Hy (Figure 6). Near the semiconductor metal transition, the EPR

signal assumes a Dysonian line shape; the A/B ratio is 1.0, 1.2 and 1.5 for

y=7.5 x 10-4, 1.5 x 10-2 and 2.2 x 10-2, respectively. Figure 5 also shows that

trans-(CH{l)l saturation curves do not deviate significant]y from homogeneous

broadening even for heavily doped samples.
The saturation curves of trans-(CHl:Z)x at 77°K are qualitatively different

from those at room temperature (Figure 7). At high levels of doping, the low

temperature EPR saturates more slowly, and the signal does not decrease at high

power levels. This may indicate inhomogeneous broadening or may result from a

non-uniform microwave field in the sample due to the skin effect.
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The most interesting finding is the very pronounced effect of extremely
dilute concentrations of iodine on the relaxation times of doped trans-{CH)y.
Iodine is knownZ28 to exist primarily as J3~ in doped (CH)i with some Ig~ present
as well, therefore, at our most dilute doping level of 3 x 10-6, the actual
dopant concentration is about 1 x 10-6 for [(CHI3)y1i or even & x 10-7 for
[(CHls)y]x (vide infra). Although the linewidth (T2) is virtually constant
throughout the most dilute regime (Figure 8), iodine doping has a significant
effect on Ty even at the levels of a few parts per million. The spin-lattice
relaxation time decreases rapidly with increasing y in the lightly doped regime
(Figure 9). Above 1?10'3 the decrease in Ty becomes more gradual with further
increases in y while Ty begins to decrease rapidly. The EPR remains saturatable
throughout the dilute and intermediate doping levles. The microwave power
needed for saturation is, however, a strong function of y (Figure 10).

Examination of the integrated intensity in the EPR line shcws that the
unpaired spin concentration, [S-], remains constant throughcut the lightly doped
region (Figure 11}, then decreases abruptly for !?10‘3. Above the semiconductor
metal transition, the EPR spectra first became Dyscnian (vide supra) followed by
disapearance of EPR signal as the line broadens, and the jodine doped

polyacetylene becomes a metallic conductor.

C. lodine doped cis-(CH)y.

EPR saturation curves were also generated from iodine doped cis-(CH)y; the
results are shown in Figqure 12 and summarized in Table I. In contrast to the

results obtained with the trars-isomer, doping of cis-(CH), with iodine up to




Figure 13

Table II
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¥=3.9 x 10-4 does not significantly affect either Ty or Tp. The signal ampli-
tude decreased as y increased for 1210'3 and eventually disappeared near y=0.03.
The linewidth remained constant throughout the concentration range studied.
Another difference between the two polymers is that heavily doped El‘_s._—(CHIy)1
saturates with pronounced inhomogeneous broadening (Figure 12b) whereas the
trans-materials do not (vide supra).

D. AsFg doped trans-(CH)y.

EPR saturation curves were obtained at room temperature for trans-
[CH(AsF5)y]£ from y=3.6 x 10-4 to 0.14. A few examples are shown in Figure 13.
The relaxation data are summarized in Table Il. For the lightly doped
materials, 1ﬁ10“3, the T} and T2 values are nearly the same as undoped trans-
(CH)EI They are also similar in their EPR linewidth dependence on Hy,
increasing 2- to 3-fold from low to high microwave power; implying that the EPR
line remains homogeneously broadened. The values of Ty and T remain substan-
tially unchanged for 10-3<y<10-2 at 1.3 0.6 x 10-5 sec and 7.5 #0.6 x 10-8 sec.
The EPR linewidth increase with microwave power was only about 50% to 70% which
is smaller than that for more lightly doped polymers.

Above x;lO'z the EPR and its saturation behavior underwent significant
changes, indicativec of the transitional regime between the dilute semiconducting
state and the truly metallic state. We note that the EPR could not be saturated
in this important intermediate regime, and that the linewidths are independent

of Hy. Finally, in the metallic limit at y=0.14, the intense Dysonian resonance




can be saturated, with apparent values of Ty and T2, 1.1 x 10-6 sec and 0.11 x

10-6  sec, respectively. However, the limitation of skin depth may present a
complication in carrying out a detailed analysis.

Although there is considerable scatter in the relative intensities to the
lowest concentrations, the susceptibilities remain small. In particular, two
samples were prepared with y=0.03 as an independent cross-check on the results
of lkehata et al.’ Assuming the typical concentration of [S-] in the undoped
samples, i.e. ~300 ppm, the susceptibility of the y=0.028 and 0.031 samples are
x=5 x 10-8 emu/mole which is extremely small and comparable to those reported
ear]igr7. As y exceeds 0.04 there was a rapid increase of EPR intensity, which
again coincides with the report7 that the Pauli susceptibility is switched on

near y=5-7%.
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DISCUSSION OF RESULTS

Electrically conducting polymers are of interest to both condensed matter
physicists and polymer scientists, and one might expect there exist certain
language barriers. In the spirit of our previous short communication‘3, we
would endeavor to make clear those terms necessary for precise description of
the system.

Trans-(CH)y has a planar zig-zag trans-transoid structure. The molecule
has a doubly degenerate ground state as it is unchanged when adjacent C-C bonds
are interchanged. The molecule undergoes a commensurate Peierls distortion3 of
index 2 so that the adjacent C-C bonds have unequal length. An analogy is the
dynamic Jahn-Teller effect of transition metal complex with doubly degenerate
electronic state. If there were no Peierls distortion and all the carbon atoms
in the backbone were identical, trans-(CH)y would be an intrinsic metal. The
energy gap which results from bond alternation is small so that the polymer is
semiconducting.

Soliton, as it applies to the present subject, has a very precise meaning.
It is applied to any topological defects in a molecule such as EEEHE'(CHli as

represented by ,

(6)

where the heavy and light lines represent the short and long bonds,

respectively, in a weakly alternating = system S- is a neutral soliton which is
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paramagnetic with spin half, and S*(S-) are positive (negative) solitons which
are diamagnetic with spin zero. Chemists may call them delocalized free
radical, carbocation and carbanions. However, the solitons have more specific
and limited connotation. They are topological defects where the w-amplitude
vanishes; note also that the phase of the n wave function changes at the defect.
Furthermore, because of ground state degeneracy, the solitons are free to move
up and down the chain as n-density wave, in fact with almost the speed of sound.
How these defects arise or the solitons are created will be addressed below.

Let us now turn our attention to cis-(CH)y. It has a nondegenrate ground
staté. If one designates the ground state to have a cis-transoid configuration,
inter;hange of long and short C-C bonds leads to a trans-cisoid configuration

which is higher in energy than the former. This difference in the ground state

degeneracy in trans- and cis-(CH), is of paramount important to the physicists'
treatment of the molecules. If defects are created as above, cf. egqn. 2 of
reference 13, they have the same topological features as described above yet
because the ground state is non-degenerate the defect cannot propagate as
n-density wave. On the other hand, if the generation of defect in Eig-(CH)L is

acccompanied by the transformation of a segment of the backbone into the

trans-configruation, then the defect behaves as a soliton with a well defined

boundary defined by the said seoment.

A. Neutral solitons in undoped trans-(CH)y.

We will postpore the discussion of how neutral solitons are created in

trans-(CH), to a Tatter section. But the nature of neutral soliton is such that
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there can exist only one Se per trans-(CH)y molecule. Two S+ on the same chain
would result in their annihilation!2 unless they are separated by interruption of
conjugated backbone such as interchain crosslinks or intramolecular cyclization.
It has been found by many laboratories that [S+] in undoped trans-(CH)y is ca.
one S+ per 1000-3000 CH. Recently, we found by isotopic ]abe]in929 that the
number average molecular weight for polyacetylene is ca. 22,000. One S- per
chain would correspond to an S¢ per 1700 CH units which is in agreement with
this observation.

The present results demonstrated that the Ty of the S: in trans-(CH)y is
decreased even at jodine levels in the range of a few ppm. We assume that the
very slow doping technique leads to uniform distribution of the dopant and that
the spin-orbit interaction between S- and the dopant is the dominant relaxation
mechanism. In this case, in order for the iodine dopant to affect the magnitude
of Ty, an S+ must diffuse into close proximity of a dopant molecule in a time
less than Ty. Using the standard diffusion formula for a random walk in one-

dimension
<x2> = 4Dt (7)

we obtain D,=L2/4T], where L is the mean distance between dopant ions. Since we
observe significant reduction in Ty at levels of the order of 10 ppm, L~105_g

=2 x 10-3 cm, where a~1.4 A is the lattice constant.l? One estimated

Dy=5 x 10-2 cm-2sec-1, Using the Overhauser effect and analysis of the proton
magnetic resonance Ty data, Nechtschein et a1.30 estimated the longitudinal dif-

fusion constant of ca. 2 x 102 cmsec-1,
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The linewidth of the soliton ESR in trans-(CH), shows large variation from
0.29 to 2.56G14:16,31-34; the Ty value for undoped trans-(CH), also show large
scatter (vide supra). Furthermore, the EPR line shape is not purely Lorentzian.
Holczer et al.3! proposed that a small amount of "oxygen localized spins" can
dominate the EPR line features of a large majority of highly mobile spins. The
effect of short exposure of trans-(CH)y to oxygen is one of reversible line
broadeningl4 (vide supra) and reversible p-type doping35,36. The permanent con-
sequences of intermolecular crosslinking and intramolecular cyclization after
Tong exposure to oxygen have been discussed previously.l3 The formation of
peroxy radicals can also be discounted because the EPR spectra of peroxy radi-
cals with the characteristic g;value37 was not even detected in readily oxidized
polymethylacetylene.38

We have considered the possibility of Ti*3 contamination from the polymeri-
zation catalyst as the scurce of fixed spins causing significant variability in
Ty and T3 of trans-(CH), and found evidence supporting it. In the polymeriza-
tion of acetylene, copious quantities of catalyst are used. The Ti(0-n-Bu)g is
reduced by AlEt3 to the active Ti*3 species.l5 By analogy to Ziegler-Natta

catalyzed olefin polymerizations,39,40 the initiation process can be written as

Ti*+3(0Bu) + ALEt3 ~——— 9 Ti*3 Et + A1Etp(O0Bu)
(8)
Ti*3 Et 4+ CoHp ————3 Ti*3(CoHp)Et

the propagation steps as
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Ti*+3(CoHp)Et + nCoHy ——§ Ti*+3(CoHp)p41Et (9)
and the chain transfer process as
Ti*3(CoHp)n+Et + ATEt3 — 3 Ti*3 Et + EtpAI(CoHp)psiEt  (10)

That the above mechanism is essentially correct has been established. The

number of Ti+3—po1ymer bonds can be counted by reaction with *c0,29
0

Ti*3_polymer + *CO-——————f1ﬁ+3-*8-polymer (11)
Therefore, the Ti*3 bound to polyacetylene will remain even after the most
exhaustive washing with inert hydrocarbon as is the usual practice. The fluc-
tuating fields produced by the Ti*3 can provide an efficient spin-lattice and
spin-spin relaxation mechanism for the highly mobile soliton to give the observed
variability in Ty and linewidth. It is to be noted that not every polyacetyelene

molecule has a Ti*3 bound to it because of the chain transfer process.
Ti*3-polymer + AlEt3 — 3 Ti*3-Et + EtpAl-polymer (12)

Differential radiotagging experiments?? had shown that on the average there are
four polymer molecules bound to Al to one bound to Ti.

We have analyzed the titanium content (Galbraith Laboratories) in a typical
cis-(CH)y film; it was found to be 0.022 % or 4.6 x 10-6 mole of Ti per gram of
polyacetylene, With a number average molecular weight of 22,000 and because

only 1/5 of the polyacetylene has a bound Ti due to chain transfer, one expects

‘_4_._‘ :- . . I L o . i
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9.1 x 10-6 mole of Ti per gram of polymer in good agreement with the analysis.
If a typical cis-(CH)x film is washed under inert atmosphere with 10% HCl in
methanol, the Ti content was reduced to 0.011%. Treatment with 30% HC1 in
methanol gave a Ti content of 0.008%. However, such treatment is unadvisable
because the polymer became doped, apparently by HC1 as other more effective pro-
tonic acids.4! For instance, cis-(CH)y washed with 6% KCl in methanol has a
conductivity of 2.4 x 10-4 (acm)-1.

We noted that the variability in Ty of undoped trans-(CH), was signifi-
cantly lowered to ca. *20% by ppm doping with iodine. This observation is con-
sistént with the above discussion of Ti*3 contamination. lodine acts as an oxi-

~

dar .o convert the paramagnetic Ti+3 ion to diamagnetic tetravalent state.

Ti*+3-polymer + Iy ———s= Ti*41- + I-polymer (13)

B. Undoped cis-(CH)x

o

Solitons are not intrinsic to poly(acetylenes); they are induced as neutral
defects during isomerization. It has been shown that pristine cis-(CH},, pre-
pared at low temperature and never exposed to air or warmed up, is devoid of an
EPR signal.l5 This implies that the truly pristine polymer is nearly free of
structural defects and has predominantly the cis-transoid structure. It was
suggested earlier that heating the pristine cis-(CH), results in the thermal
isomerization of some polymer chain segments to a trans-cisoid configuration

with an activation energy of ca. 10 kcal mole-1 16 producing at the same
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time a pair of delocalized electrons,

(14}

If the intervenirig segment is transformed to a trans-transoid configuration

(15)

then the two defects are soliton-antisoliton pair. There is experimental evi-
dence supporting isomerizatior from cis-transoid to structure 15 directly
without the structure 14 as an intermediate. How this transformation which
usually requires very high activation energy in olefinic molecules can occur
with great ease at very mild conditions is an interesting prcblem in the
understanding of the chemistry of polyacetylene.

Although the soliton-antisoliton pairs in eq. 15 can annihilate one

another,
(16)
they can become separated by one or more of the following types of process:

(i) Intramolecular transfer

(17)

—
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(ii) intermolecular annihilation

(111) or localized onto Ti at the polyacetylene terminus.

The neutral solitons in partially isomerized cis-(CH),, which should be
more rigorously referred to as cis rich (CH),, is confined within the segment of
trans-transoid structure. Therefore, its EPR is inhomogeneously broadened by
unresolved proton hyperfine interaction which can be reduced by substituting
deuterium for proton (vide supra). Furthermore, the Ty and T in cis rich
(CH)y should be less sensitive to the presence of Tit3 impurities; we found this
to be true in contrast to the highly variabie relaxation times for trans-(CH),.
Finally, iodine doping of cis-rich {CH), does not cause detectable changes in
relaxation times until y exceeds 10-4,

The proposed mechanism!3 of isomerization implies the existence of a maxi-
mum of about one neutral soliton per trans-(CH)y chain. Our number average
molecular weight and [S-] measurements are entirely in agreement with

expectation as already stated above,

C. Mechanism of doping.

——

It was proposed!3 that acceptor doping can take place in trans-{(CH), via
different pathways. The first is the conversion of a neutral soliton directly

to a positive spinless soliton S*,
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(19)

Secondly, the acceptor can react with polyacetylene directly to produce a

polaron
(20)

The polaron in trans-{CH), is an unstable entity, its fate being dependent upon
whether there exists on the chain a neutral soliton or not. 1If there is a

neutral soliton they interact to create a St,

~

(21)

1f, on the other hand, the chain does not contain a S¢, then the polaron per-

sists until another polaron is created, the two polarons transform immediately

into a S*S* pair

(22)

Therefore, S- is being depleted slowly and its decrease would be difficult

to detect until the dopant concentration is comparable to the [S-] of one per

—e —
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trans-(CH), chain. Then the decrease in [S+] would become very marked as
observed (Fig. 11). Another contributing factor is that when there is present
one or more dopants per c¢hain, then a neutral soliton or polaron on one chain
can annihilate another one on an adjacent chain via the bridging dopant. In the
case of iodine dopant [S-] decreases with y=3-7 for y>10, which suggests that
the dopant exists mainly as I3~ with Ig~ in minor amounts,28 in agreement with
the conclusions obtained from Raman studies. Moreover, the EPR intensity begins
to decrease at 1710‘3, or an [3~ content of 3 x 10-4, in excellent agreement
with the number of neutral solitons in the undoped trans-polymer.

vIn heavily iodine doped trans-(CHIy)X, the EPR signal becomes Dysonian as
the m;terial approaches a metallic state. The EPR signal eventually
disappeared, probably resulting from the spin-orbit interaction of the conduc-
tion electrons due to overlap of the metallic wave functions onto the I3”.

The mechanism of doping with AsFg is similar to that for iodine. The major
difference is the much stronger oxidizing power of Asfg. In other words, the
direct oxidation of (CH), by AsFg occurs with ease producing polarons (cation
radicals) and charged soliton pairs similar to reactions 20-22. Because of this,
early EPR studies?4,42 found a general increase of intensity with AsFg doping
which is dependent upon AsFg pressure. Subsequently, very slow doping proce-
dures were developed in an attempt to optimize homogeneity. With this procedure
we found that [S-] remains more or less constant until y exceeds ~3 x 10-3
before a significant decrease occured. Earlier measurements’/ demonstrated

that for y in the range of a few percent, the absence of a Curie Law set an
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upper limit of <1 ppm for [S+]. Thus, all of the neutral [S-] were converted to
positively charged soliton, implying 2 relatively high degree of dopant
uniformity.

Doping with AsFg at dilute levels has relatively little effect on the
relaxation times; the values of Ty and T2 for E[EEE'[CH(ASFS)y]x from
3 x 10'4<1§6 x 10-3 are not significantly different from those of undoped
trans-(CH)y, see Table 1. This insensitivity presumably arises from the weaker
effective spin-orbit interaction (compéred with iodine) and from the small
overlap of the neutral solitons onto the AspFyg™ or AsFg~ species. Similar
effects are observed in graphite; intercalation of AsFg leads to a narrow,
intense EPR signal, whereas after intercalation with iodine the very broad line
cannot be detected.

Our inabjlity to saturate the residual EPR of Asfg doped samples in the ,
transition region y~0.03-0.05 is particularly interesting, and implies values
for Ty less than ~10-6 sec. The origin of this rapid relaxation in the tran-

sitional regime is not presently understood.
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EONCLUSION

Pronounced differences were observed between the EPR saturation charac-
teristics of trans-(CH)x and of cis-(CH)x. They are mostly ascribable to the
high mobility of solitons in the trans-isomer and solitons being confined to
small domains in the cis-polymer. Iodine in ppm level affects the relaxation
behaviors in the former specimens but not in the latter. Analysis of the effect
of iodine doping on T; leads to an estimate of the spectral soliton diffusion
constant in trans-(CH)y, Dy=5 x 10-2 cm?/sec in agreement with values obtained

by Nechtschein et a1.30

~
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TABLE 1

EPR Relaxation Data for gig-(CHIy)x

ya Ty x 109, sec T2 x 108, sec AHp , G
3.3 x 10-5 100 1.1 6.0
4.4 x 10-5 80 1.0 6.3
7.6 x 10-5 122 | 1.0 6.2
1.2 x 10-4 97 1.0 6.5
3.9 x 10-4 53 1.0 6.5
3.9 x 10-4 73 1.0 6.3
1.4 x 10-3 --b 1.0 6.5-7
4.0 x 10-3 -- 1.0 6.5-7
8.0 x 10-3 “- 1.0 6.5-7
1.3 x 10-2 - 1.0 6.5-7
2.2 x 10~2 -- 1.0 6.5-7

AThe first five samples, y=3.3 x 10~ to 2.9 x 10-2, were doped with 12515; the
remaining specimens were doped with normal iodine,

DNo maximum in the saturation curve.




TABLE 2

LPR Saturation Behaviors of Trans-[CH(AsFS)L]_,i

ReTative
Y EPR intensity T x 109, sec T2 x 108, sec

3.6 x 10-4 17 2.5 7.3
1.5 x i0-3 9.7 1.8 7.3
2 x 10-3 5.5 1.0 6.6
2.2 x 10-3 5.3 . 1.0 8.2
2.5 x 10-3 17 1.5 7.3
3.7 x 10-3 9.0 0.8 8.2
6.3 x 10-3 15.4 1.5 7.3
2.8 x 10-3 2.5 --a 5.0
3.1 x 10-2 2.6 -- 5.5
4.4 x 10-2 7.0 -- 6.9
5.4 x 10-2 10 -- 3.3
0.14 23 0.11 11

3EPR cannot be saturated.
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CAPTIONS FOR FIGURES

Variation of conductivity of trans--(CHIy)x with y.

Plots of specimen temperature as a function of microwave power for

EiE[CH(ASFS)y_X: () ¥=0; (o) y=5 x 10-3; (m) y=8 x 10-3; (o) y=

1.8 x 10-2; {ap y=4.8 x 10-2; (o) y=9,4 x 10-2°
Electron paramagentic resonance saturation curves at room
temperature: (o) pristine trans-(CH),; (&) exposed to air for

15 min; (&) after overnight evacuation.

Electron paramagnetic resonance curves at room temperature:
(8) cis-(CH)y sample #1; (&) cis-(CH)yx sample #2; (@) cis-(CH)yx

sample #3.

Electron paramagnetic resonance saturation curves at room tem-
perature for trans-(CHIy)y: (e) y=3.8 x 1076; (a) y=2.0 x 10-3;

(a) y=5.1 x 10-4; (B) y=2.5 x 10-3; (o) y=1.6 x 102,

Variation of EPR line width of trans-(CH), with microwave power:

(o) at 298°K; (a) at 77°K.

Electron paramagnetic resonance saturation curves at 77°K for

trans-(CHly)x: (o) y=7.8 x 10-3; (&) y=1.6 x 10-2; (m) y=2.2 x 10-2,

Variation of Tz for trans-(CHIy)x with y.

Variation of Ty for trans-(CHIy)x with y.

|
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FIGURE 10:

FIGURE 11:

FIGURE 12:

FIGURE 13:

Variation of electron paramagnetic resonance saturation for

trans-(CHLy ).

Variation cf EPR intensity for trans-(CHIy ), with y.

Electron paramagnetic resonance saturation curves at room
temperature for cis-[CHI ]y for (a){e) y=3.24 x 10-3,

(a) y=4.4 x 10->, (@) y=7.58 x 10-5, (@) y=1.22 x 10-4,
(0,a) ¥=3.9 x 10-4; (b) (a) y=1.4 x 10-3, (o) y=4 x 1073,

(W) y=8 x 10-3, (o) y=1.3 x 10-2, (@) y=2.2 x 10-2,

Electron paramagnetic resonance saturation curves at room tem-
perature for trans-[CH(AsFg)y ]y for: (a) y=3.6 x 10-4;
(@) y=1.5 x 10-3; (8) y=3.7 x 10-3; (o) y=2.8 x 10-2;

(e) y=5.9 x 10-2.
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